Abstract: Medium Access Control (MAC) is an important aspect of implementing a cognitive radio network. Ghasemi and Razavizadeh proposed a simple, elegant and efficient MAC protocol for cognitive wireless networks [1] . However, the Ghasemi's algorithm does not consider the quality of the wireless channel in the decision process. In this paper, an improvement in Ghasemi's algorithm is proposed to consider the behavior of the wireless channel in the decision process.
to improve the performance of wireless networks.
One of the most important aspects of implementing the cognitive radio concept is the Medium Access Control (MAC) protocol [3] .
Ghasemi and Razavizadeh proposed a simple, elegant and efficient MAC protocol for cognitive wireless networks [1] . The protocol is based on the rule of least failures, which is independently deployed by each user.
However, when analyzing wireless networks, we cannot ignore errors attributed to bad propagation conditions, noise or interference. Furthermore, due to variations in propagation conditions, the qualities of different channels of a wireless network are not identical and can be dynamically variable. These aspects were not considered in the decision process of the algorithm proposed by Ghasemi and Razavizadeh. In this paper, an improvement in Ghasemi's algorithm is proposed to consider the behavior of the wireless channel, in terms of packet errors, in the decision process.
The remainder of this paper is organized as follows: Section 2 presents our modified version of the original algorithm; Section 3 compares the performance of both versions while considering the quality of the channels; and the conclusions are presented in Section 4.
The new version of the MAC protocol
The original algorithm proposed in [1] is based on the rule of least failures and only considers failures in the communication process caused by the occupation of the channel and collisions with other users. This algorithm is reproduced below:
Each cognitive user follow these steps independently Initialization: Set W Max and S A collision between a primary and a secondary user occurs when a secondary user selects a given channel and it is busy. A collision between secondary users occurs when two (or more) users select the same channel.
The function least failure(S t−1 , F t−1 ) represents the least failure rule:
the secondary user selects the channel which has incurred the least number of failures (due to collision between a primary user and a secondary user till the time-slot t − 1). If this rule returns more than one solution, the channel with the largest number of successes is selected [1] .
Following [1] , it is assumed that each user can sense only one channel in a time-slot. The selected channel v can be idle or busy and this state is used to update the counters S t v and F t v of the secondary station. Thus, these counters can be used as an estimation of the traffic on channel v. Therefore, in each time-slot, there is a new estimation about the traffic only for the channel v. Thus, the counters associated with the non-sensed channels must remain unchanged. As the counter F t v * computes the collision between two (or more) secondary users, F t v * must be updated only to the sensed channel too.
To avoid consecutive collisions between secondary users, a random backoff B is added to the fail counter F t v , since the choice of the channel is primarily based on this counter. The backoff is computed based on the binary exponential backoff algorithm, largely used in wired and wireless networks [4, 5] . In our case, the backoff is randomly defined as an integer between zero and W , limited by the parameter W Max -the maximum allowable backoff. The parameter W can be seen as a backoff window that increases exponentially with the number of failures due to collisions between secondary users in a given channel. In the backoff computation, the function ceil(x) returns the smallest integer not less than x and the rand function returns a random number uniformly distributed between [0;1].
Note that the goal of F t v * is just to count collisions between two (or more) secondary users. Thus, it must be incremented by 1 when a collision occurs. On the other hand, as the counter F t v is used to select the channel, based on the least failure rule, when a collision occurs, this counter must be incremented by a random number, B, to avoid consecutive collisions.
To consider the effects caused by errors, as well as the dynamic behavior of the wireless channel, we propose a small modification on the Ghasemi's algorithm that can improve its performance in a real wireless communica-tions network. In our new version, the fail counter (F t v ) of a given channel is decremented if a packet is transmitted without error and is incremented if a packet error occurs. Therefore, the channel quality is considered in the decision process in terms of propagation conditions, represented by packet error probability. Our new version is presented below (the proposed modifications are highlighted with underscore lines):
Each cognitive user follow these steps independently Initialization: Set W Max and S
+ B end if end if end for

Results
In this section, we compare the performance of both algorithms. In order to validate our implementation of the Ghasemi's algorithm and to compare our results with the previously results published in [1] we use, in our simulations, the same setup of the parameters used in [1] : 20 channels are available; in each time-slot, for all channels (except channel 10), the probability that the channel is occupied by a primary station is randomly selected from the range [0.1 to 0.5]; for channel 10, this probability is set to 0.05; the number of secondary users varies from 2 to 20; and the maximum allowable backoff for each channel (W Max ) is set to 32, 128 and 256.
To compare the performance of both algorithms, we consider the system throughput as a function of the number of secondary users as proposed in [1] . When analyzing scenarios in which packet errors effects are taken into account, we compute the throughput by considering only the correct packets.
In Figure 1 , we compare the throughput of our algorithm with the throughput of Ghasemi's algorithm. The throughputs are computed as a function of the number of secondary users and the parameter W Max . In this comparison we consider that all packets are received without error. We can see that our version of the algorithm has higher throughput than Ghasemi's algorithm. This improvement is due to the following: in the Ghasemi's version, when a collision occurs the counter F t v is incremented by a random number, B, and is never decremented. This results in a certain concentration in the choice of channels, with the users choosing their channels among a fewer number of channels, resulting in an increased number of collisions between secondary users. In our version, we decrease the value of F t v when a packet is transmitted without collision between secondary users. This avoids the concentration observed in the Ghasemi's version and results in a reduction in the number of collisions, improving the throughput.
Also, we can see that the performance of Ghasemi's algorithm is strongly dependent on the parameter W Max (agreeing with [1] ) and the performance of our algorithm is independent of this parameter. Now, we analyze a situation with packet error, where the throughput is computed considering only the packets received without error (goodput). In this scenario we computed the throughput only for W Max equal to 256, since the performance of our algorithm is independent of the parameter W Max and the Ghasemi's algorithm has its best performance with W Max equal to 256.
The packet error rate in a real wireless network is strongly dependent on the link quality. For example, packet error rates from 0.018 to 0.738 are reported in [6] . To make more evident the effect of the packet error rate in both versions of the algorithm, we consider the following scenario: half of channels are error-free and half of channels have packet error probability equals to 0.5. The results for this scenario are presented in Figure 2 .
Based on Figures 1 and 2 we can see that the performance of original algorithm consistently decreases when the packet error probability is considered. This occurs because the effects due to errors are not considered in the decision process. In fact, theoretically, the throughput should be multi- Fig. 2 . Throughput as a function of the number of secondary users when considering that half of the channels are error-free, and half of the channels have a packet error probability equal to 0.5.
plied by a factor equal to 1 − P ER, where P ER is the average packet error rate calculated over all 20 channels. Thus, for the original algorithm the throughput presented in Figure 2 should be the value presented in Figure 1 multiplied, approximately, by 0.75. We shown this result in Figure 2 by the curve labeled "Ghasemi's version, Theoretical". On the other hand, in the new algorithm version, the performance is independent of packet error probability if the number of secondary users is equal to or less than the number of error-free channels (10 channels in Figure 2 ). This result is observed because in our algorithm the secondary users tend to choose a better channel in terms of the packet error rate. If the number of secondary users is greater than the number of error-free channels, its performance starts to decrease because some secondary users (the number of secondary users less 10) will transmit on channels that are under worst propagation conditions (expressed by packet error probability equal to 0.5 in Figure 2 ), but the performance of our algorithm remains better than the original version. In fact, theoretically, the throughput is not reduced if the number of secondary users is less than or equal to 10 (the number of error-free channels) and is multiplied by 1 − P ER if the number of secondary users is greater than 10, where P ER is the average packet error rate computed over all the used channels and can be expressed, approximately, by:
where N is the number of secondary users. We shown this result in Figure 2 by the curve labeled "New version, Theoretical".
Conclusions
In this paper, we have presented an improvement in the simple MAC protocol for Cognitive Wireless Networks presented in [1] .
The new algorithm considers the state of the channel during the decision process in terms of propagation conditions, represented by the packet error probability.
We have demonstrated that our algorithm yields a better performance than the original version in all analyzed scenarios.
